Abstract Global sea levels have risen at a rate of 1.7 mm/year over the last century and are projected to rise an additional 0.2 to 2.0 m by 2100 with some regions experiencing higher rise in relative sea level due to localized processes. As sea levels rise, low-lying, narrow barrier islands are threatened by episodic flooding and wave impact and are particularly vulnerable during storm events. These types of islands are ubiquitous along the U.S. East and South coasts and other coasts worldwide. In this study, we evaluate the effectiveness of several adaptation strategies, including combinations of nature-based and hard structures, on developed barrier islands to hurricane forcing under future sea levels. Interpreting the results of a morphological numerical model, beach nourishment from the toe of the dune to the depth of closure (i.e., active beach only) provides only a slight increase in protection for the island from hurricane forcing as sea levels rise. Raising elevations of the existing dune or existing buried seawall effectively reduces overall volumetric erosion but, under extreme sea level rise, does not protect against bay-side flooding and severe back-barrier erosion. Raising the elevation of the entire island, particularly the back-barrier region, offered the greatest protection from severe erosion on the developed barrier island under future sea level states and hurricane forcing. Using these results, an adaptation pathway based on level of sea level rise is created to 
Introduction
Over the last century, global sea levels have risen at a rate of 1.7 mm/year, with recent observations estimating a higher rate of 3.2 mm/year (Church and White 2011) . Sea levels are expected to continue to rise in the future at a faster rate: global sea level rise (SLR) projections range from 0.2 to 2.0 m by 2100 (IPCC 2014; Parris et al. 2012 ) with some regions experiencing higher SLR due to localized processes, i.e., New Jersey, USA is 4.1 mm/year (NOAA 2015) . Low-lying areas are particularly vulnerable to damage from episodic flooding and wave forcing, impacting a greater population globally as sea levels rise and landforms evolve (Nicholls and Cazenave 2010; Williams 2013 ). An estimated 10% of the world's population lives in coastal zones with elevations less than 10 m above present-day sea level (McGranaham et al. 2007) . Therefore, it is imperative for coastal planners to develop adaptation strategies to protect infrastructure and people and improve post-storm habitability of barrier islands.
Barrier islands, which comprise 6.5% of the world's open ocean coastlines (Stutz and Pilkey 2001) , are sensitive to SLR, possibly causing them to migrate landward; decrease in island width and height; and experience an increase in overwash and breaching frequency during storms (Gutierrez et al. 2007 ). For extreme SLR (>0.7 m by 2100; Titus and Anderson 2009), a threshold condition may be reached, resulting in segmentation, amalgamation with the mainland, or transformation into a drowned barrier island (Gutierrez et al. 2007 ). Although uncertainty exists in the future state of our global climate, the vulnerability of low-lying barrier islands to hurricane forcing will increase as sea levels rise and dunes become more readily overtopped and eroded by storm surges (Woodruff et al. 2013) .
Historically, engineered interventions (i.e., beach nourishment, seawalls, or combinations of these nature-based/hard structures) have been used as adaptation strategies to increase the habitability of developed barrier islands to SLR (e.g., Pilkey and Wright 1988) . Beach nourishment effectively reduces the impacts of ocean-side flooding and wave attack during storm events, but the sediment is easily mobilized and renourishment is required for beaches impacted by frequent intense storms (Cunniff and Schwartz 2015) . Seawalls protect coastal infrastructure during storms (e.g., Irish et al. 2013 ), but can exacerbate beach erosion and reduce access to recreational beaches (e.g., Pilkey and Wright 1988) . Hybrid nature-based/hard structures, such as a seawall buried beneath a nourished dune, have become attractive options for stabilizing developed barrier islands because they combine benefits of both approaches while minimizing adverse impacts. However, none of these strategies protect the island from back-bay flooding (USACE 2015) .
In this study, we use a process-based morphodynamic model to evaluate the effectiveness of adaptation strategies to mitigate future SLR effects on developed barrier islands. The response of a nourished barrier island with a seawall buried beneath the dune in New Jersey, USA, is simulated for a storm comparable to Hurricane Sandy (2012). We then consider several SLR scenarios, including past (from c1950), present (c2000), and future (to c2100), and develop a sequence of adaptation strategies, or pathway, implemented on the barrier island.
Study area
Bay Head is located on a narrow barrier island in New Jersey. It is fronted with a seawall beneath a nourished dune on its ocean side ( Fig. 1 ) and bulkheads on its bay side. Built in 1882 (Salter 2007 ) and buried soon after, the seawall became exposed during a non-tropical storm (BNor'easter^) in 1962. Then, a series of seaward-extending groins were constructed and the beach underwent major nourishment (Remington and Boyd Engineers 1962) . Over the last 50 years, the seawall has been exposed several times, including during Hurricane Sandy. Periodic beach nourishment is required to maintain property values and sustain the regional economy (RSCRC 2011) . In 2002, the tourism industry in coastal counties generated $16 billion (USD) in revenue (Cooper et al. 2008) . Therefore, in this study, we assume it is very likely beach nourishment will continue into the future in order to maintain beaches as sea levels rise. This location is chosen because its morphological response to Hurricane Sandy (2012) is well-documented, and the results herein are transferable to developed barrier islands, which are common to U.S. Atlantic and Gulf Coasts as well as other barrier islands worldwide.
Methods

SLR historical trends and projections
The relative SLR rate in New Jersey (Fig. 1 ) is 4.1 mm/year (NOAA Tides and Currents 2015), more than twice the observed global rate of 1.7 mm/year. In this region, the local contribution to SLR is by subsidence, mostly due to groundwater withdrawal (Sun et al. 1999) . Based on historical observations, sea levels in c1950 are estimated to be −0.2 m lower than present-day; we include this past scenario in the analysis in order to compare historical (c1950) barrier island response with its current (c2000) response to hurricane forcing. To address the uncertainty in future SLR projections, we consider three scenarios: low, intermediate, and high SLR rates of +0.2, +1.0, and +2.2 m by 2100, respectively. Although several additional scenarios were simulated, as discussed in Online Resource 1, these three rates are representative of NOAA's SLR projections (Parris et al. 2012) .
XBeach model setup and validation
We use the morphological model XBeach to both characterize barrier islands' increasing vulnerability to storm-induced erosion as sea levels rise as well as characterize the effectiveness of various adaptation strategies. XBeach is a two-dimensional horizontal (2DH) wave-group resolving model originally developed to simulate hydrodynamics and morphology on complex topography during storm events (Roelvink et al. 2009; Van Thiel de Vries 2009; McCall et al. 2010) . Smallegan et al. (2016) validated XBeach for Bay Head by comparing simulated morphological response to Hurricane Sandy with post-storm survey data, obtaining a Brier Skill Score of 0.86 where 1.0 represents perfect agreement (van Rijn et al. 2003) .
In the present study, each SLR scenario is superimposed onto the best estimate of storm surge time series for Hurricane Sandy (cf. Smallegan et al. 2016 ). Hurricane Sandy is chosen as the storm-of-record for this study because of the immense pre-and post-storm data sets available, including high-resolution lidar surveys and in situ measurements of bay surge levels (i.e., storm surge within the bay). The locally measured bay surge anomaly (the flood elevation less the predicted tide elevation) for Hurricane Sandy is particularly interesting. As the storm passed, bay water levels in Bay Head receded due to southward winds, followed by a sudden increase in surge as wind direction shifted to the north. We showed bay-side flooding, or inundation of the back barrier by bay surge, governed barrier island erosion in Bay Head (Smallegan et al. 2016) . Bay-side surge inundation has also been observed to govern morphological change on uninhabited barrier islands during storms, particularly in the Gulf of Mexico (e.g., Sherwood et al. 2014) . Thus, adaptation strategies should consider impacts by bay surge.
Adaptation strategies and performance evaluation
Here, we evaluate the effectiveness of several adaptation strategies (Fig. 2 ) on improving poststorm island habitability under SLR, where we assume preserved post-storm elevations indicate improved habitability. We consider strategies that are currently in practice or that have been implemented at Bay Head or on other developed barrier islands.
First, morphological change of the island as it exists today is simulated with XBeach under future SLR. Herein, this is called the Existing Condition (EC) (Fig. 2) and is intended as a baseline for improvement as adaptation strategies are implemented. Then, we evaluate the island's response to hurricane forcing assuming Bay Head will continue its current practices of routine beach nourishment (strategy A). Strategy A is implemented by raising the beach by the amount of SLR (i.e., beach is raised 1.0 m for SLR = +1.0 m), where the beach is defined as the region from the toe of the dune to the depth of closure (DOC; Hallermeier 1977) . The sediment volumes (per unit width) required to build up the beach and the island for each strategy are listed for SLR = +0.2, +1.0, and +2.2 m (Fig. 2) . Strategy B combines beach and dune nourishment such that the dune is also raised by the amount of SLR and shifted seaward to maintain realistic side slopes. Strategy C combines beach and dune nourishment with raising the elevation of the seawall by 0.5 m, whereas strategies C1.0 and C2.0 raise the seawall by 1.0 and 2.0 m, respectively. Strategy D introduces bay-side land reclamation by combining beach and dune nourishment with an increase in elevation of the back barrier; thus, the grade of the entire island is raised. Presently, the lowest elevation in Bay Head is 0.2 m MHHW. As sea levels (and MHHW) rise, locations in the back-barrier region that fall below 0.2-m elevation with respect to the projected MHHW for that SLR scenario are raised to this where 0.6 m is the elevation of present-day MHHW relative to NAVD88. The NAVD88 datum will remain static as sea levels rise; however, the MHHW datum will increase and high tides will inundate the island (Fig. 1 in Online Resource 2). Lastly, strategy E combines all adaptation strategies such that the island grade and seawall elevation are both raised. Using post-storm XBeach-simulated results, the volume of sediment remaining on the island, V, is used as a proxy for post-storm habitability of the island (i.e., larger V indicates greater habitability; see Online Resource 3 for further discussion on sediment remaining versus lost). For a given strategy, remaining sediment volume is calculated as
where z bf is the final simulated topography relative to its corresponding future MHHW datum. Cross-shore locations x 1 and x 2 are used to evaluate Eq. (2) for the island (x 1 = 300 m to x 2 = 770 m), dune (x 1 = 650 m to x 2 = 770 m), and back-barrier (x 1 = 300 m to x 2 = 650 m) regions between longshore locations y 1 = 1980 m to y 2 = 2100 m. Additionally, minimum vertical depth, z b , min , and average final elevation, z b , mean , are calculated and used, respectively, as indicators of reduced scour around structures and overall erosion on the island. In order to estimate the severity of erosion relative to future sea level, these values are shown relative to projected MHHW. Applying the methods described in this section, we use the Bbathtub^approach (Leatherman 1990 ) such that the barrier island has not evolved in response to SLR. As discussed above, barrier islands are sensitive to changes in sea level, becoming unstable and reaching a threshold condition under extreme SLR rates. However, Bay Head is highly engineered with armored, nourished dunes on its ocean side and bulkheads on its bay-side, and we assume both will continue to be maintained in the future. We also assume the offshore wave conditions and local surge anomaly of Hurricane Sandy remain the same as present-day (c2000), regardless of if the storm occurred in the past or future. However, we acknowledge that, as sea levels rise, free surface gradients in surge may change, thereby amplifying or deamplifying bay-side storm surge (Bilskie et al. 2014; Taylor et al. 2015) .
Results
Using XBeach, the morphological change of the EC to Hurricane Sandy is simulated for past, present, and future sea levels (Fig. 3) . As expected, erosion increases with SLR as scour holes form behind the seawall and back-barrier elevations are lowered. On the dune, post-storm elevations, z b , are similar between SLR = −0.2 and 0.0 m, but erosion on the seaward side of the seawall is greater for SLR = 0.0 m. For a relatively small amount of SLR (+0.2 m), the dune is particularly impacted and is eroded to elevations below the peak height of the seawall. Dune heights are lowered to nearly 0 m NAVD88 for SLR = +1.0 m (Fig. 3) , and V, z b , min , and z b , mean are negative relative to future MHHW, indicating critically low z b (Fig. 4) . Under SLR = +2.2 m, scour holes form behind the seawall, and z b , min reaches −16 m at another location within the model domain. Although these scour hole depths are overpredicted (because the collapse of the seawall is not modeled), this response indicates the strong likelihood of destruction of infrastructure from severe erosion. z b , mean is reduced to nearly −3 m future MHHW, and the large negative V indicates severely reduced habitability of the island.
Compared to the EC, implementing strategy A generally reduces erosion under all SLR scenarios; however, z b , especially on the back barrier, is much less than 0 m future MHHW indicating low habitability. For SLR = +2.2 m, V dune and V back barrier increase by 130 and 40 m 3 (per unit width), resulting in a slight increase in V island (Fig. 4) . Correspondingly, scour and erosion are reduced with z b , min and z b , mean increasing by 3.7 and 0.5 m. However, z b , min decreases by 1.1 m for SLR = +1.0 m and z b , mean increases by only 0.3 m. Despite these small improvements, V, z b , min , and z b , mean remain critically low for SLR +1.0 and +2.2 m. Thus, beach nourishment reduces erosion and protects the barrier island only for relatively low SLR (+0.2 m).
By implementing strategies B and C, at least 210 and 310 m 3 more sediment remains on the dune for the +1.0 and +2.2-m scenarios, causing V island to become positive under SLR = +1.0 m (Fig. 4) Analyzing V, z b , min , and z b , mean indicates that, of the adaptation strategies considered, remaining sediment volume is most increased and scour depths are most decreased by implementing strategies D and E, particularly for SLR = +1.0 and +2.2 m (Fig. 4) . V island increases up to 600 m 3 for SLR = +1.0 m and 1200 m 3 for SLR = +2.2 m. This is due to large increases in V back barrier , which, unlike any other strategy, becomes positive by at least 85 m 
Discussion
From simulations of the EC, two major conclusions are drawn. First, we estimate the island became only slightly more vulnerable to storm-induced erosion over the period from 1950 (−0.2 m scenario) to the present (0.0 m scenario); this is reflected by the dune system remaining relatively intact in the −0.2-and 0.0-m simulations (Fig. 3) . However, a small rise in sea level (+0.2 m) above present-day causes significant erosion of the dune. According to Parris et al. (2012) and IPCC (2014), a 0.2-m rise in sea level is likely to occur by the mid to late twenty-first century even in the most conservative projections. Therefore, without implementing any adaptation strategy, significant changes to barrier island dunes are expected to occur, affecting regional sediment supply and impacting coastal ecosystems (Nicholls and Cazenave 2010). Second, as hypothesized, larger SLR causes storm-induced erosion to increase substantially (Fig. 4) . For the EC, the back-barrier region is particularly impacted, and z b is reduced to elevations 3 m below future MHHW. Clearly, this would cause catastrophic damage to infrastructure and threaten the viability of the barrier island system. Damage reduction strategies (e.g., seawalls, beach nourishment) are typically designed to protect against ocean-side forces as these are usually the most energetic (NRC 2014); however, our results suggest the back barrier is particularly vulnerable to inundation by bay-side surge and its protection should be considered in selecting adaptation strategies when SLR greater than 0.2 m is considered.
Although implementing strategy A causes a reduction in scour and erosion as sea levels rise, z b , particularly on the back barrier, remains negative and at critically low levels for SLR = +1.0 and +2.2 m. Although the back barrier is inundated for low SLR (+0.2 m), the dune and seawall are able to prevent bay-to-ocean flow and back-barrier erosion does not occur. By raising dune heights, strategy B provides more sediment on the beach and dunes for transport and island habitability improves for SLR up to +1.0 m. However, the back barrier remains vulnerable to flooding and erosion by bay surge. Strategy C reveals raising the seawall by any amount (see Online Resource 4) does not offer any additional storm protection to the island in terms of reducing morphological change. Lastly, land reclamation (strategies D and E) reduces back-barrier erosion because this region is only inundated during periods of elevated bay surge, leading to less sediment transport from the back barrier and less erosion of the backside of dunes for SLR = +1.0 and +2.2 m.
Sequential implementation of adaptation strategies as a policy pathway
Due to the uncertainty in future climate condition, including the amount of SLR and barrier island response to those conditions, and due the relative effectiveness of individual strategies for different rates of SLR, it is important to develop a strategic plan that is also adaptive. Haasnoot et al. (2013) describes dynamic adaptive policy pathways: a set of possible actions that may be implemented sequentially and in response to changing conditions. When the current action is no longer able to meet the intended objective, which in this study is to improve habitability after a hurricane, a tipping point is reached and a new action must be chosen.
Using the SLR scenarios and adaptation strategies analyzed in this study, a policy pathway is created for Bay Head (Fig. 5) . According to XBeach simulations, strategy A reduces erosion (i.e., improves habitability) for SLR = +0.2 m but not for SLR = +1.0 m and higher. It is also the least expensive option in terms of initial costs based on the amount of sediment required to raise the beach (Fig. 2) . However, a tipping point is reached as sea levels rise from +0.2 to +1.0 m, and a new strategy must be chosen. The preferred pathway routes to strategy B (Fig. 5) such that, as sea levels rise above +0.2 m, both the beach and dune must be nourished to offer protection from future storms at higher sea levels. Since there is more sediment available on the beach and dunes for transport (Fig. 2) , erosion is reduced, island habitability is improved, but initial costs are higher due to the additional sediment required to build the dune. Also, the larger dunes only protect against ocean-side hydrodynamics, and the back barrier remains vulnerable to flooding and erosion by bay surge.
As sea levels continue to rise, back-barrier vulnerability becomes too large and another tipping point is reached. Strategy D is required to continue protection of the island for SLR greater than +1.0 m. Although raising the island is an extreme adaptation strategy, it was implemented in Galveston, TX, USA, a developed barrier island located on the Gulf of Mexico. After a devastating hurricane in 1900, Galveston built a 16-km-long seawall and raised the island by up to 4 m (Bartee 2001) . Over the last century, Galveston has survived several strong tropical storms including Hurricane Ike (2008), which has been largely attributed to the seawall and grade raising (Bartee 2001) . As SLR increases above 1.0 m in Bay Head, strategy D is the only option considered here that prevents complete erosion of the back barrier for extreme SLR. Although it has the highest initial costs, a life cycle cost analysis for each strategy may reveal that periodic renourishment over several decades of SLR could have greater costs than the initial cost of strategy D. However, a complete life cycle cost analysis is outside the scope of this work.
Transferability and limitations
The results and interpretations herein are based on a single representative storm at a single barrier island. However, this screening-level approach can be used to determine a limited set of adaptation strategies for a more complete analysis using, for example, a probabilistic approach considering a range of storm conditions. Nonetheless, we anticipate storm-induced morphological responses from a more comprehensive analysis would exhibit trends similar to those shown here from the screening-level approach; i.e., beach and dune erosion are exacerbated by rising sea levels and the back barrier is particularly impacted when bay surge levels become elevated. The results are also transferable to other geographic regions with narrow, developed (i.e., engineered) barrier islands vulnerable to storm surge and sea level rise. Of the 4600 km of U.S. barrier islands (Stutz and Pilkey 2001) , many have these characteristics. Worldwide, Ria Formosa, Portugal, and the Lido Islands near Venice, Italy, are other examples to which these results are transferable. 
Conclusions
Ten adaptation strategies have been evaluated on their effectiveness at improving habitability on a low-lying developed barrier island under three future SLR scenarios. Using a numerical model to simulate hydrodynamics and morphological change, results show strategy A (raised beach) to offer only slight protection for the barrier island as sea levels rise. For SLR up to +1.0 m, strategies B (raised beach and dune) and C (raised beach, dune and seawall) are viable options for protecting the barrier island from hurricane forcing. In general, raising the buried seawall (strategies C and E), which is typically more expensive than beach nourishment as an adaptation measure, does not offer additional protection to the barrier island under the storm conditions considered here. Of the adaptation strategies considered, land reclamation (i.e., strategies D and E) is the only option that offers a significant reduction in storm-induced dune and back-barrier erosion for SLR = +2.2 m. Storms capable of producing elevated bay surge are expected to cause back-barrier flooding and erosion, and this response will only become more intense as sea levels rise.
